The ultrastructural features of cerebral contusion seen three hours to 11 days after head injury were studied in 18 patients undergoing surgery. Massive astrocytic swelling ("cytotoxic" oedema) was seen three hours to three days after injury, maximal in perivascular foot processes, and compressing some of the underlying capillaries. The tight junctions were not disrupted. Neuronal damage was most marked three to 11 days after ijury. The pathophysiological mechanisms leading to oedema formation and neuronal degeneration are discussed.
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Accepted 18 September 1990 cerebral blood flow following human cerebral Posterior right temporal cortex and Right temporal lobectomy for glioma white matter 4 22 Right temporal cortex Right temporal lobectomy for severe epilepsy contusion, zones of profoundly reduced regional blood flow (rCBF) have been found adjacent to contusions, and this may be a factor in the ischaemic neuronal necrosis which is a prominent finding in pathological studies. Alterations to the microvascular bed adjacent to cerebral contusion may therefore be an important determinant of such changes. 8 The purpose of this study was to determine ultrastructurally the changes in neuronal, glial and microvascular morphology which occur with time following human cerebral contusion, and to determine their role in the pathogenic processes which are known to damage the brain after severe head injury.
Patients and methods
Eighteen patients with severe cerebral contusion were studied. Clinical details are shown in table lB. In each patient, contusions were shown on CT scan, and in seven patients, mass effect, acute clinical deterioration and associated haematomas necessitated urgent operation, at which the contusion was resected, and biopsy taken from the margins of the resected tissue. In a further four patients, ICP monitoring was initially performed to ascertain the need to remove the contusion, and ICP rose necessitating surgery. In the remaining seven patients, delayed neurological deterioration occurred up to 11 days after injury, precipitating the operation. Specimens of resected cerebral contusion from these patients were compared with specimens processed in an identical manner, from four control patients, with macroscopically and radiologically normal brain tissue at the site of biopsy, who had either temporal lobectomy for epilepsy or resection of deep temporal glioma. Clinical details of these patients are shown in table 1A. Rongeur specimens around 2 cubic mm in size were taken from contused grey and white matter and immediately immersed in buffered glutaraldehyde (350 m osm). Specimens were then stored at 4°C for two to seven days until processing for electronmicroscopy. The site from which the biopsy was taken was recorded by the surgeon and related as closely as possible to the CT appearance on the pre-operative scan. The study was approved by the Ethics Committee of the Institute of Neurological Sciences, Glasgow.
Processingfor electronmicroscopy After immersion fixation, specimens were cut into 200 p thick sections using a vibrotome, and ultrasonicated to dislodge non-adherent blood components from the vessel lumina. interest selected for transmission electronmicroscopy. Thin sections were cut for the transmission EM and routinely stained with lead citrate and uranyl acetate and examined in a JEOL 100 S transmission electronmicroscope.
Results
Biopsies were obtained at time points ranging from three hours to 11 days after injury. In all the specimens the quality of fixation as judged by preservation of intracellular organelles was acceptable.
Control patients Normal glial, neuronal and vascular ultrastructure was present in all control patients, and the neuropil and white matter density was normal ( fig 1) . Scanning electronmicroscopy demonstrated pit-vesicle activity on the endothelial surface of the lumen of all vessels in the control patients (table 2) .
Transmission EM findings in patients with cerebral contusion A) GROSS DISRUPTION OF TISSUE
In five specimens taken from three patients the architecture of the cortical neuropil was disrupted by red blood cells and plasma. Whenever this was seen, the adjacent neuropil was grossly abnormal, demonstrating marked vacuolation and lucency of astrocyte cytoplasm ( fig 2) .
B) GLIAL CELL SWELLING
The most consistent finding in both grey and white matter in patients with cerebral contusions was severe swelling affecting particularly astrocytes. This was associated with "loosening" and apparent pseudo-vacuolation of the neuropil to produce a "Swiss cheese" appearance, particularly striking on SEM. This appearance developed rapidly (figs 3, 4a) within three hours of injury but was still present in specimens taken three days after (Magnification: x 1000).
injury. In the worst affected astrocytes, cytoplasmic disruption was present with complete rupture of the cell membrane ( fig 5) . Organelles such as mitochondria were, however, still recognisable. In the specimens taken five days after injury, astrocytic swelling was less marked although still apparent (fig 6a, b) and the astrocytes now contained deposits of glycogen, typical of the "sheet reaction" described by Torvick ( fig 6) .9 processes were the most obvious manifestation of glial swelling. This was sufficiently severe to suggest compression of the adjacent vessel lumen in some cases (fig 4a, b) . Disruption of foot processes was seen in some specimens taken at periods from three hours to three days after injury ( fig 5) . In specimens which were taken at later periods after injury, astrocytic swelling appeared to be less extensive and at five days astrocytic processes contained glycogen deposits and pseudopodial folds typical of the "sheet reaction" of Torvick (fig 6a, b) . 9 Comparison between the changes seen in cortex (fig 4a, b) and those in white matter (figs 4, 5, 6) should, however, be made with caution.
D) VASCULAR CHANGES (TRANSMISSION ELEC-TRONMICROSCOPY)
In the majority of vessels seen within con- tused tissue, endothelial cell morphology was grossly normal and in those vessels where adjacent astrocytic swelling was not noticed, vessel lumina were not disrupted or occluded. No disruption of inter-endothelial tight junctions was noted, and in the majority of vessels studied, the morphology of the perivascular basement membrane was also normal.
An increased number of cytoplasmic folds and processes on the luminal aspects of endothelium were seen within vessels and thin transmission sections showed a very irregular luminal profile to the endothelium at two days (fig 7) . Inter-endothelial junctions were not disrupted despite gross disruption of the adjacent neuropil. This irregular endothelial profile was also seen at five days when the astrocytic sheet reaction had become well established (fig 8) .9
Counts of endothelial pinocytotic vesicles in the vessels from contusion specimens taken at different times after injury, showed a decline with time and the highest numbers of vesicles were seen in the control and acute patients ( (Magnification: x 20 000).
Delayed changes
A PYKNOSIS AND SHRINKAGE Pyknosis and shrinkage of both neurons and glia was noted when biopsies were taken at three or more days after injury (fig 9) . Pyknotic neurons were frequently surrounded by microglia which appeared to be carrying out phagocytosis of damaged neuropil and cells. In specimens from the two patients who were studied five and 11 days after injury, extensive leucocyte and microglial phagocytosis was seen and deposition ofcollagen fibres was prominent (fig 10) , indicating the early stages of scar tissue formation. In the patient studied 11 days after injury, perivascular foot process swelling was absent and the numbers of perivascular microglia were increased, suggesting that the stage of maximal cell swelling had been passed. The vacuolated "Swiss cheese" appearance of the neuropil in tissue adjacent to cerebral contusions was particularly noticeable on scann.g EM in comparison with the control patients (fig 3) .
B VASCULAR AND PERIVASCULAR CHANGES
Vessel morphology was remarkably normal in all specimens studied. Tears in vessel walls were not seen. Blood clots occluding the lumen ofvessels were seen only occasionally, although this may relate to the vibration and ultrasonication process which was used to visualise the lumina. In many vessels, however, adherent red cells and leucocytes were found suggesting an abnormality of endothelial adhesion characteristics. Red cells were seen moving through fenestrations in the endothelial membrane to leave the vessel lumen, by a process of diapedesis (fig 1 la, b) .
Perivascular accumulations of red blood cells were a frequent finding and in several specimens, these caused streak-like disruption of tissue architecture.
Pit-vesicle activity Pit-vesicle activity was present in both control and contusion specimens, but was less extensive in the patients with contusions. In some areas, the endothelial luminal membrane was disrupted by coalescent vesicles to form irregular holes in the vessel walls, and in two specimens, red cells were seen passing through these (fig 1 la, b) . Pit-vesicle activity in the endothelium was always accompanied by parallel development of microvillus formation, but the proportion of pit-vesicle and microvillus activity was variable from specimen to specimen, and no clear relationship was seen, either to time after injury, or to other microscopic changes. When the number of luminal microvilli per 25 gim2 were counted using SEM, and correlated with the number of vacuoles within the endothelial cytoplasm seen on transmission electronmicroscopy, (table 3) no relationship was seen in either the contusion or control material.
The mean number of endothelial micropinocytotic vesicles in control patients was 6-105 jim2 and 6-125 gm2 in contusion patients at three hours after injury, 4-72 jim2 at 24-48 hours after injury, and 1-5 pm2 at five days after injury. Thus there was a slight (but not statistically significant) decline over time in the number of endothelial pinocytotic vesicles in damaged tissue.
Marked changes in luminal microvillus activity were seen in the contusion material, at various times after injury (table 3) . In capillaries, microvilli numbers dropped to their lowest levels when astrocytic and foot process swelling was most marked, at 13-24 hours and slowly rose to near control values by 11 days. By contrast, in larger vessels microvillus activity rapidly rose to almost twice control levels in the first six hours after injury, then dropped to nearly a third ofcontrol levels at hours, and were approaching control levels by 11 days. . . ' . . . . . . . . . . . . . . . . . . . . . . . ' : S , ' l B l l F ' ' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . e , £ s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (fig 9) . This suggests that the neuronal degeneration which occurs after contusion in humans may be a secondary, delayed process. This is in contrast to the findings in the rat model of cerebral contusion described by Hekmatpanah, in which neuronal changes were well established by three hours after injury, both on light and electronmicroscopy. "
Measurement of rCBF in patients after cerebral contusion, has shown zones of profoundly reduced CBF (around 15-20 ml/ 100 gm/min), at the site of the contusion, using SPECT mapping and PET techniques.815 These have been shown as early as within 24 hours of injury and up to three weeks after injury. Local microcirculatory vascular factors may therefore be important in the pathogenesis of neuronal degeneration adjacent to cerebral contusions. This study demonstrates four major microvascular changes, which have also been seen in a variety of animal models: 1) marked perivascular astrocytic process swelling-sometimes sufficient to cause apparent compression of the vessel lumen ( fig 4) ; 2) reduced luminal pit-vesicle and microvillus activity, (table 3; figs 7 and 8); 3) decreased endothelial cytoplasmic vacuole formation (table 3) , and 4) transvascular red cell diapedesis (fig 1 1) .
Our study suggests that the major structural feature associated with reduced local tissue perfusion is microvascular collapse and compression due to astrocytic perivascular podocytic process swelling together with some compromise of cerebral circulation mediated by the development of endothelial microvilli (figs 4, 11 (fig 7) .
Although the specimens studied five days after injury showed less marked astrocyte cell body and foot process swelling than those studied within the first few days, these changes should be interpreted with caution. Serial biopsies were not taken from the same patient and the severity of the contusion was variable from patient to patient.
For these reasons the mechanisms by which perivascular astrocytic foot process swelling may resolve after a contusion cannot be inferred from this study. Although specimens taken at five days or more after the injury show evidence of astrocytic process sprouting, and apparent reconstitution of the foot process limiting membranes, (fig 6a) this may represent the response to a less severe lesion. To improve our understanding of these fundamental repair mechanisms, serial biopsy studies will be needed, in an animal model, with a controlled severity of injury.
Early perifocal oedema has been demonstrated in microgravimetric studies after human contusion. 8 19 The prominence of astrocytic swelling early after cerebral contusion, and the integrity of the inter-endothelial tight junctions seen in this study and in animal models,1011 2021 suggests that this is a cytotoxic process. The relative paucity of protein-rich extracellular fluid (except where gross tissue disruption was present), (fig 5) within the neuropil in this study is also evidence against a vasogenic mechanism.
This agrees with the results of studies of blood-brain barrier permeability which we have performed at various time intervals after focal cerebral contusion in 20 patients. SPECT scanning after intravenous 9'Tc pertechnetate, showed that blood-brain barrier changes were seldom detectable before three days after injury, and were maximal at about 10 days. 8 The micro-anatomical basis for the delayed development of increased vascular permeability after contusion is difficult to determine from this study, or from the animal studies of other authors. Povlishock, using a fluid percussion model of head injury, demonstrated that Horseradish peroxidase (HRP) passed rapidly through intact endothelial cells after intravascular injection, and accumulated beneath the basement membrane, and within endothelial vesicles.2" 22 HRP was found chiefly within endothelial cytoplasmic vesicles and the number of vesicles increased rapidly within 15 to 30 minutes after trauma.2' In contrast to these experimental observations, we have demonstrated that after a contusion micropinocytotic vesicles decline in number with time (table 3) . Therefore, it is unlikely that micropinocytosis is an important mechanism in delayed post-contusional oedema.
The role of pit-vesicle activity and microvillus formation after head injury is not understood. Its presence within hours of injury after "pure" diffuse axonal injury suggests that it may be a non-specific response to the invariable hypertensive surge which occurs within seconds after severe head injury.2 [23] [24] [25] We have observed coalescence of vesicles to form ragged holes in the endothelial luminal membrane, through which intact erythrocytes are seen to pass (fig 11) . This partly accords with other studies,22 and may provide a mechanism for the peri-vascular accumulation of erythrocytes, which is a frequent histological feature after contusion but which has not been previously explained.'45 Vessel tears may therefore not be necessary for perivascular "haemorrhage".
Although we and other authors have shown that astrocytic swelling is well established after cerebral contusion as early as three hours after injury, both in this study and in animal models, the cause for this swelling remains uncertain.""20 22 When cerebral blood flow falls sufficiently low to cause failure of neuronal energy metabolism, and membrane depolarisation (around 14-15 ml/100 gm/min) due to global or focal ischaemia, massive astrocytic swelling occurs as a buffering mechanism; astrocytes absorb free K+ ions in an attempt to maintain extracellular fluid homeostasis.26 27 Global ischaemia is, however, unlikely to occur as a very early event after focal human contusion and, moreover, some animal studies have shown blood pressure and CBF to be transiently elevated after head injury. 2325 Faden SPECT (8) .
Further studies are needed to clarify the causes of astrocytic swelling, and to explore the possibilities of therapy for preventing or attenuating this astrocytic response, which may be detrimental to neuronal survival.
